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GastrulationIt has been suggested that mouse lbx1 is essential for directing hypaxial myogenic precursor cell migration. In
zebraﬁsh, the expression of lbx1a, lbx1b, and lbx2 has been observed in pectoral ﬁn buds. It has also been
shown that knocking down endogenous lbx2 in zebraﬁsh embryos diminishes myoD expression in the
pectoral ﬁn bud. However, downstream lbxs signals remain largely unexplored. Here, we describe a previous-
ly unknown function of zebraﬁsh lbx2 (lbx2) during convergent extension (CE) movements. The abrogation
of the lbx2 function by two non-overlapping morpholino oligonucleotides (MOs) resulted in the defective
convergence and extension movements in morphants during gastrulation. Our transplantation studies
further demonstrated that the overexpression of lbx2 autonomously promotes CE movements. Expression
of wnt5b is signiﬁcantly reduced in lbx2 morphants. We have demonstrated that application of the wnt5b
MO, a dominant-negative form of disheveled (Dvl) and a chemical inhibitor of Rho-associated kinase
Y27632 in zebraﬁsh embryos have effects reminiscent that are of the CE and hypaxial myogenesis defects
observed in lbx2 morphants. Moreover, the CE and hypaxial mesoderm defects seen in lbx2 morphants can
be rescued by co-injection with wnt5b or RhoA mRNA. However, this reduced level of active RhoA and
hypaxial myogenesis defects in the embryos injected with the dominant-negative form of Dvl mRNA cannot
be effectively restored by co-injection with lbx2 mRNA. Our results suggest that the key noncanonical Wnt
signaling components Wnt5, Dvl, and RhoA are downstream effectors involved in the regulative roles of
lbx2 in CE movement and hypaxial myogenesis during zebraﬁsh embryogenesis.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Morphogenetic movements that are driven by coordinated cell-
shape changes and directed cell migration lead to the establishment
of the body axis during early development. CE movements cause the
mesoderm and ectoderm to undergo cell intercalations along the
mediolateral axis, narrowing the tissues dorsalward (convergence)
and consequently extending them along the anterior–posterior axis
(extension) [1,2]. Several β-catenin-independent Wnt signaling
pathways, known as noncanonical pathways (nc), have been shown
to be involved in critical CE movements during gastrulation [3]. In
vertebrates, this branched pathway is activated by the binding of
Wnt11/Silberblick or Wnt5b/Pipetail with the receptor Frizzled. Theence and extension; Hpf, hours
site family, member 5;Wnt11,
; Dvl, disheveled, dsh homolog;
, distal-less homeobox gene 3b;
ronment and Human Health,
7 Donghu South Road, Wuhan
l rights reserved.molecules are then transduced through the multifunctional protein
disheveled (Dvl). In addition, the Rho family of small intracellular
GTPases (RhoA, Rac1, and Cdc42) regulates several cellular responses,
such as cytoskeletal rearrangements and cell adhesion [4]. After gas-
trulation, somites form through the condensation of the paraxial me-
soderm in the cranial to caudal direction. During this morphogenetic
change, concurrent with the speciﬁcation of adaxial cells, both the
axial and paraxial mesoderm undergo CE movements. They are the
sole source of all of the skeletal muscle cells of the trunk and limbs
or ﬁn buds [5,6].
The ladybird protein family is a group of homeobox transcription
factors with N-terminal engrailed domains. In Drosophila, lbx has a
function in myogenic cell fate determination as well as several leg
muscle developmental processes [7]. In mice, there are two lbx
genes: lbx1 and lbx2. The former is expressed in a subset of hypaxial
myoblasts, the tongue, and the diaphragm, while lbx2 is expressed
in the nervous and reproduction systems [8]. In zebraﬁsh, three lbx
genes have been identiﬁed: lbx1a, lbx1b, and lbx2. Unlike the
mammalian lbx2, zebraﬁsh lbx2 is expressed in hypaxial myoblasts
and the pectoral ﬁn bud region [9,10]. Mouse lbx1-positive limb
myoblasts undergo a transition from epithelial to mesenchymal cells
within the dermomyotome before undergoing long-range migration
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activity causes a speciﬁc lack of limb or ﬁnmusculature that is attribut-
able to migration defects [11,12]. This observation has led researchers
to the conclusion that mouse lbx1 is involved in the interpretation of
signals that guide appendicular muscle precursor migration [13]. lbx2
plays an essential role in pectoral ﬁn musculature, indicating that it
acts as a functional homologue of mouse lbx1 in hypaxial myogenesis
[9]. In zebraﬁsh lbxs, only the expression of lbx2 can be observed during
the early gastrulation stage and in the somites until late segmentation
[9,10]. However, little is known about its function during embryonic
gastrulation. In this study, we show that lbx2 regulates nc-Wnt signal-
ing pathways and CE movements during zebraﬁsh gastrulation.
2. Material and methods
2.1. Fish maintenance
Zebraﬁsh (Danio rerio) were maintained as previously described
in The Zebraﬁsh Book [14]. Embryos were obtained by natural spawn-
ing and were cultured at 28.5 °C in zebraﬁsh Ringer's solution. Devel-
opmental stages were measured according to hours post fertilization
(hpf) at 28 °C or following the morphological features previously de-
scribed [15].
2.2. Whole-mount in situ hybridization and probes
The zebraﬁsh probesmyoD, Tbx6, and dlx3/hgg1/ntlwere previously
described [16–18]. Speciﬁc primers were designed based on the known
sequences of lbx2 (NM_001007134), Wnt5b (NM_130937), papc
(NM_131209), and eve1 (NM_1311140) stored in GenBank.
Full-length and partial cDNA fragments were ampliﬁed by RT-PCR
from zebraﬁsh embryonic total RNA and cloned into the pGEMT vector.
Antisense RNA probes labeledwith digoxigenin-UTP or ﬂuorescein-UTP
(Roche, Germany) were synthesized and used for whole-mount in situ
hybridization as previously described [16,17].
2.3. Semi-quantitative RT-PCR
We used an RNeasy Mini Kit (Qiagen) to isolate the total RNA from
tailbud stage embryos injected with control MO, lbx2 MO, or lbx2
mRNA. Aliquots of RNA were veriﬁed for quality through electropho-
resis and were reverse transcribed using a Superscripted III Kit
(Invitrogen). The wnt5b primer has been described by Liu et al. [18].
The rest of the primers were designed in primer blast of NCBI. Real
time PCRwas achieved in Rotor Gene Q PCR cycler (Qiagen Germany).
Beta actin was used for normalization.
2.4. RNA, RhoA inhibitor, and morpholino microinjection
Capped mRNA was synthesized using a Message Machine Kit
(Ambion, Austin, Texas) in accordance with the manufacturer's in-
structions. The lbx2ΔEn mRNA sequence was designed in accordance
with Ochi et al. [9]. Different forms of dvl were used in accordance
with Habas et al. [19].
The sequence of the lbx2 translation-blocking morpholino
oligonucleotides (MO1) is 5′-catgtctttagagctggaggtcatc-3′ (ATG com-
plimentary sequence underlined) [20]. The sequence of the other
lbx2morpholino (MO2) used in this study is 5′-ctatttcgaatagaagtcacc-
tagc-3′. The effectiveness of translation inhibition by lbx2 MO1 and
lbx2 MO2 was tested by examining in vivo the Lbx2::egfp green
ﬂuorescent fusion protein (Supplementary Fig. 2). To ascertain the
efﬁciency of the inhibition of translation caused by these two lbx2
MOs in vivo, a lbx2::egfp fusion construct was developed. This con-
struct contained 60 bp of the 5′-UTR and the ﬁrst 66 amino acids
of the coding region of the zebraﬁsh lbx2 sequence fused to the
N-terminus of EGFP with a SV40 polyadenylation site in theexpression vector pEGFP-N1 (see Material and Methods and Supple-
mentary Fig. 2). The transcription of the lbx2::egfp was driven by the
constitutively activated promoter pCMV, and the in vivo expression
of the fusion protein was assessed under ﬂuorescence microscopy. A
polyclonal antibody against the Lbx2 protein was also developed in
our laboratory for Western blot analysis. A mutated lbx2 mRNA
containing 4 bps mismatched to the lbx2 MO1 target sequence was
generated in the laboratory for rescue experiments to verify the spec-
iﬁcity of the observed defects after lbx2 knockdown. A mutated lbx2
mRNA lacking the engrailed domain (lbx2ΔEn) was also generated,
as previously described [9].
The zebraﬁsh Wnt5b MO has been previously described [21].
Y-27632 (Sigma, Y0503) was dissolved in saline and diluted to the
desired concentration for this experiment. The capped mRNA, MO
and Y-27632 solutions were injected into the embryos at the 1–2
cell stage using the PLI-100 Microinjector System (Medical Systems
Corporation).
2.5. Cell roundness imaging
Tailbud stage embryos were dechorionated and mounted in 1%
low melt agarose gel in E3 ﬁsh medium. The cell-shape images were
obtained at 21 °C using a 40× objective on a Nikon ECLIPSE TiE micro-
scope and PerkinElmer UltraVIEW VoX Systems. The images were
processed using Image J software 1.44P and Photoshop CS2.
2.6. Active RhoA pulldown and detection
Active Rho was puriﬁed from the cell lysate of zebraﬁsh embryos
at the tailbud stage in accordance with the RhoA pulldown assay
protocol provided with the commercial Active Rho Pulldown and
Detection Kit (Thermo Scientiﬁc, Cat. 16116BNDL). Then, 20 μg of
protein from each eluate was analyzed by Western blot using the
anti-RhoA antibody. Only active RhoA GTPase was detected in this
assay.
2.7. Cell transplantation and Kaede photoconversion
Recipient embryos originated from the same cross as donor embry-
os. To evaluate the effects of ectoexpression of lbx2 mRNA on migra-
tion, donor embryos were labeled with rhodamine-dextran alone or
by co-injection with FITC-dextran (10,000 MW) and 50 pg lbx2
mRNA at the 1–2 cell stage. Both donor embryos and recipient embryos
were cultured to the shield stage at 28.5 °C. Approximately 10–15 cells
were aspirated from the lateral germ ring or shield of donor embryos
and mixed brieﬂy in capillary tubes. Then, the donor cells were trans-
ferred back to the same location in the recipient embryo, as shown in
Fig. 3A and F [22]. The positions of the transplanted cells were recorded
immediately after transplantation and at 24 hpf under ﬂuorescence
microscopy.
For photo conversion, embryos were injected with kaede mRNA,
kaede mRNA plus control MO, kaede mRNA plus lbx2 MO, or kaede
mRNA plus lbx2 MO and RhoA mRNA. All tested embryos were
cultured to 6 hpf, positioned under cover slips and epi-UV lights,
and passed through pinholes to focus on the lateral mesendoderm
(Nikon Eclipse Ti). The photoconverted cells were immediately
recorded, yielding an initial label size of 80±5 μm in diameter. The
movement of this group of cells was tracked as previously described
by Sepich et al. [23].
2.8. Statistical analysis
Student's T test was performed for each experiment. Every result
represents the mean of at least three independent experiments.
Error bars represent the standard deviations. P values were calculated
and are indicated in ﬁgure legends.
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3.1. Dynamic expression pattern of lbx2 overlapping with that of wnt5b
during gastrulation and pectoral ﬁn formation
Lbx2 can be detected in the germ ring during the shield stage
(Supplementary Fig. 1A, B). It is expressed in a continuous arc of
cells at the blastoderm margin, with a low concentration on the
ventral side, gradually exhibiting a higher concentration on the dorsal
side. These cells form almost a full circle at the blastoderm margin,
showing only a small break at the dorsal lip of the embryo (Supple-
mentary Fig. 1C, D). As gastrulation proceeds, lbx2-expressing cells
converge toward the posterior dorsal midline and the region adjacent
to no tail (ntl) expression (Supplementary Fig. 1E, F). At later stages,
lbx2 expression extends to the anterior region along the notochord
and spreads to trunk somites and a group of cells lateral to the
somites. (Supplementary Fig. 1G–H). This lateral domain corresponds
to the region where mesenchymal precursors of the pectoral ﬁn buds
reside (Supplementary Fig. 1I–J). The expression pattern of lbx2 indi-
cates that it is expressed in a subpopulation of the mesendodermal
precursor population during gastrulation. This stage is critical to
dorsal–ventral (D–V) patterning, and the expression pattern of lbx2
partially overlaps with that of wnt5b (Supplementary Fig. 1K–M).
Concurrently, wnt5b expression can also be found in the pectoral ﬁn
bud (Supplementary Fig. 1N).
3.2. Effects of interruptions in lbx2 function on CE movements
Lbx2 MO1 used in the studies was described recently by Chen
et al. [20]. To further conﬁrm the function of lbx2, another non-
overlapping lbx2 MO2 which targeted a 5′-UTR site was designed
for the studies (Supplementary Fig. 2A). To ascertain the in vivo ef-
ﬁciency of the inhibition of translation caused by lbx2 MO2, the
lbx2::egfp construct was co-injected into zebraﬁsh embryos with
the lbx2 MO2. As shown in Supplementary Fig. 2B and C, lbx2::egfp
translation was effectively blocked in the majority of the embryos.
Both lbx2 MOs caused similar hypaxial myogenesis phenotypes
with those previously described (Supplementary Fig. 2D3, Supple-
mentary Table 1) [9]. Varying amounts of MOs were also injected,
and they clearly exhibited a dose-dependent effect (Supplementary
Table 1). In addition, co-injection of our mismatching lbx2 mRNA
with lbx2 MOs could effectively rescue the defects observed in lbx2
morphants (Supplementary Fig. 2D4). Meanwhile, the application
of the lbx2ΔEn mRNA, a functional deletion of lbx2, failed to rescue
the ﬁn bud phenotype in zebraﬁsh embryos (Supplementary
Fig. 2D5). These data suggest that the defects observed in lbx2 mor-
phants result from the gene-speciﬁc effects of the abrogation of func-
tional lbx2.
Although it has been suggested that lbx2 is essential to ﬁn muscu-
lature [7,9], we extended our attention to the role of lbx2 in the
mesendodermal precursor population. To elucidate the role played
by lbx2 during gastrulation, lbx2 morphants were examined at stages
prior to 24 hpf. With the somite marked with myoD, approximately
67% of the lbx2 morphants had somites compressed in the anterior–
posterior axis as well as wider in the mediolateral axis during
somitogenesis (Fig. 1B, D, F, Supplementary Table 2). At the end of
gastrulation, abnormalities in the anterior–posterior axis were
observed in lbx2 morphants as assessed by dlx3/hgg1/ntl expression
which mark the edges of the neural plate, the anterior axial
mesoderm, and the posterior notochord, respectively. In the neuroec-
toderm, the laterally expanded expression domain of dlx3 revealed a
broader neural plate in lbx2 morphants than in control embryos.
Morphants also showed shorter, broader notochords than control
embryos, as observed by the patterns of the most anterior and poste-
rior axial domains expressing hgg1 and ntl. The most anterior axial
mesoderm, labeled by hgg1, was less affected than the more posterioraxial mesoderm, labeled by ntl (Fig. 1H–K). In severely affected lbx2
morphants, the notochord was also shorter and broader than in
control embryos (Fig. 1F, I). These morphological alterations in the
anterior–posterior axis indicate typical defects in CE movement.
The co-injection of the mismatching lbx2 mRNA described above
and the lbx2MOs was found to efﬁciently suppress the CE movement
defects observed in the lbx2 morphants (Fig. 1C, G, J). However, the
injection of lbx2ΔEn mRNA cannot restore the CE movement of lbx2
morphants (Fig. 1K). This observation suggests that lbx2 signaling is
critical for regulating CE movement during gastrulation and further
demonstrates the speciﬁcity of the phenotype shown in lbx2
morphants.
Defective CE movements in the morphants were further
documented bywhole-mount in situ hybridization and analysis of the ex-
pression patterns of marker genes in the axial and paraxial mesoderm
and neuroectoderm during gastrulation. At the onset of gastrulation, ex-
pression of papc, eve1, and tbx6, which normally represent the discrete
dorsoventral domains, exhibited signiﬁcant impairment. This impair-
ment caused convergent movements, narrowing themediolateral region
and leading to a slower extension of the expression domains towards the
dorsal region relative to controls (Fig. 1N–S).
To determine whether dorsoventral patterning is affected in lbx2
morphants, we analyzed the expression of bmp4, an indicator of
ventral fate [24]. Expression of the bmp4 gene was not signiﬁcantly
altered during early gastrulation in lbx2morphants (Fig. 1M) relative
to control MO-injected embryos (Fig. 1L). No signiﬁcant changes of
the relative expression levels of bmp4 and papc transcripts between
those in embryos injected with control MO or lbx2 MO1 were con-
ﬁrmed with quantitative real-time PCR (Supplementary Fig. 3G). All
of these gene expression patterns are indicative of defects in CE
movements during gastrulation in lbx2 morphants.
We also performed dorsal translocation of lateral cells using Kaede
photoconversion (Fig. 2A–B). Until midgastrulation (8.5 hpf), the
lateral marginal cells in control MO-injected embryos and lbx2 mor-
phant embryos moved in similar ways. However, by the end of the
gastrula period (11.3 hpf), the dorsalward movement of the labeled
cell population in lbx2 morphants was signiﬁcantly reduced
(Fig. 2A3). RhoA acts downstream of nc-Wnt signaling for the promo-
tion of cell mobility during zebraﬁsh gastrulation [21,25,26]. We
found that an appropriate dose of human RhoA mRNA co-injected
into embryos with lbx2 MO1 could partially restore the dorsalward
movement of the lateral cell population (Fig. 2A5). These results
suggest that the abrogation of lbx2 impairs the speed, but not the
orientation, of dorsalward movement among lateral marginal cells.
Correlating with the observation of somite defects in lbx2morphants,
these results support the idea that an altered cell fate does not
account for the CE defects in lbx2 morphants.
To test whether lbx2 regulates mediolateral cell elongation, we
measured the cell morphology of embryos injected with either con-
trol or lbx2 MO at the late gastrulation stage. Because cell roundness
is the expression of cell elongation, we measured the degree of cell
roundness in both control MO- and lbx2 MO-injected embryos
(Fig. 2D–E). The results show that in control embryos mediolateral
cells exhibit signiﬁcantly lower roundness than that in lbx2
morphants. Co-injection of lbx2 MO and lbx2 mRNA can rescue the
phenotype in lbx2 morphants (Fig. 2F). This result indicates that
lbx2 is required for mediolateral elongation of ectodermal and/or
mesendodermal cells.
To further analyze the role of lbx2 in cell motility, time-lapse anal-
ysis was used to follow the movements of the labeled cells from lbx2
MO1 or lbx2 mRNA-injected embryos in wild-type hosts. Our assay
revealed that the donor cells from the embryos injected with lbx2
MO1 and control MO exhibited similar CE movements (data not
shown). This observation suggests that CE defects caused by the
depletion of the lbx2 function are not autonomous. However, when
donor cells from lbx2 mRNA-injected embryos and control cells
Fig. 1. lbx2 requirements for CE movements during gastrulation.(A–C): Somite extension in a 12 hpf embryo injected with control MO (A), lbx2MO1 (B), lbx2MO1 plus lbx2mRNA
(C). (D): Statistics showing somite mediolateral elongation. Bars with different letters indicate signiﬁcant differences (pb0.05). Arrowheads mark the edges of somites crossing
the notochord. (E–G): MyoD expression in somites at 12 hpf. MyoD expression in the paraxial mesoderm of embryos injected with control MO (E), lbx2 MO1 (F), lbx2 MO1 plus
lbx2 mRNA (G). (H–K): Expression of marker dlx3b/hgg1 (black arrowheads indicate staining of the prechordal plate at the tailbud stage) and ntl (staining of the axial mesoderm)
at the 8 somite stage. Dlx3b/hgg1/ntl expression in embryo injected with control MO (H), lbx2 MO1 (I), lbx2 MO1 plus lbx2 mRNA (J), lbx2 MO1 plus lbx2△En mRNA (K).
(L, M): Bmp4 expression at 70% epiboly stage in control embryo (L) and lbx2morphant (M). (N, O): Eve1 expression in a control embryo (N) and a lbx2morphant (O) at the shield
stage. (P, Q): Papc expression in a control embryo (P) and lbx2morphant (Q) at 90% epiboly stage. (R, S): Tbx6 expression in a control embryo (R) and lbx2morphant (S) at 90% epib-
oly stage. (T) Statistical analyses are shown as the percentage of the defective expression patterns observed in E–S. Bars with different letters indicate signiﬁcant differences
(pb0.01), compared with corresponding controls. The dosages used for embryo injections were 2.75 ng/embryo for control MO or lbx2 MO1, 35 pg/embryo for lbx2 mRNA, or
45 pg/embryo for lbx2△En mRNA. (A–C, E–G, P–Q, and insets in H–K): Dorsal views are shown with the animal pole to the top. (H–K): Animal pole views with anterior at the
top. (L, M): Animal pole views with anterior to the left. (N, O, insets in L–M): Lateral view with the dorsal side on the right. (R, S): Vegetal view with the dorsal side on the top.
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FITC-labeled transplanted lateral mesodermal cells (lbx2 mRNA-
injected) showed faster CE movements than rhodamine-labeled
control cells (Fig. 3C, D, H), indicating that overexpressing lbx2
alone could promote CE in a cell-autonomous manner during
zebraﬁsh gastrulation. Notably, the defective movements of thelbx2-depleted cells in the morphants could be rescued by appropriate
signals from adjacent wild-type host cells. This observation implies
that the secreted signal would be downstream of lbx2. Thus, once
intracellular signals have been activated by the overexpression of
lbx2, the signals secreted from adjacent wild-type cells could not
effectively compensate for the activated signal cascade.
Fig. 2.Morphological analysis and motility of lateral mesodermal cells in lbx2morphants(A-B): Kaede photoconversion. (A): Embryos injected with kaedemRNA (50 pg) alone were
labeled by photoconversion of a Kaede protein at the shield stage in the lateral domain at 6 hpf. Images show the photoconversion of a Kaede protein in embryos injected with kaede
mRNA at 6 hpf (A1), embryo at 11.3 hpf injected with kaede mRNA plus control MO (A2), embryo at 11.3 hpf injected with kaede mRNA plus lbx2 MO (A3), embryo at 11.3 hpf
injected with kaede mRNA plus lbx2MO and lbx2mRNA (A4) and embryo at 11.3 hpf injected with kaede mRNA plus lbx2MO and RhoAmRNA (A5). (B): Cell groups with the con-
verted Kaede protein were measured at 8.5, 9.5, 10.3, 10.7, and 11.3 hpf. The graph shows statistics for photoconversion-labeled dorsalward movement. Each experiment was per-
formed ﬁve independent times. Asterisks (*) represent signiﬁcant differences compared with WT batches (pb0.05). (C–G): Morphology of individual cells in the posterior paraxial
germ layer. (C): The analyzed area is outlined in the box. (D–F): The circumference of individual cells was outlined in black in control MO-injected embryo (D), lbx2 MO1-injected
embryo (E) and co-injection of lbx2 MO1 and lbx2 mRNA (F). (G) The roundness of the single cell in control embryos and lbx2 morphants analyzed with rnd=4πA/p2; A=Area,
p=perimeter; X-axis, number of measured cell (n); Y-axis, rnd=roundness. Asterisk (*) represents signiﬁcant differences compared with WT batches (pb0.05). The dosages used
for embryo injections were 2.75 ng/embryo for control MO or lbx2MO1, 50 pg/embryo for kaede mRNA, 16.75 pg/embryo for human RhoAmRNA and 35 pg/embryo for Lbx2mRNA.
(A, C): Lateral view with the dorsal side on the right.
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The common elements of nc-Wnt signaling ligands include wnt5,
wnt4, andwnt11, which function in a β-catenin-independent manner.
However, no wnt4 expression was detected at the gastrula stage. At
the end of gastrulation, wnt5b is expressed in the posterior paraxial
mesoderm and axial mesoderm adjacent to the wnt11 expression
domain in the anterior paraxial mesoderm [27]. It is wnt5b, not
wnt11, that has an expression pattern that overlaps with that of lbx2
(Supplementary Fig. 1).
The temporal and spatial expressions of wnt5b and wnt11 in
control embryos and lbx2 morphants were analyzed by whole-
mount in situ hybridization. In lbx2 morphants at the late gastrula
stage, both the wnt5b expression domain and the quantity of RNA
were greatly suppressed (Fig. 4B), while wnt11 was only subtly
affected (Supplementary Fig. 3A–D). These results were also con-
ﬁrmed by quantitative real-time PCR analyses (Fig. 4D, Supplementa-
ry Fig. 3G). In lbx2morphants,wnt5bwas downregulated to 0.5 times
the level observed in the embryos injected with Con MO (Fig. 4D),
while the level of wnt11 was not affected. Intriguingly, we found
that the wnt5b expression domain and quantity were also slightly
upregulated in lbx2 mRNA-injected embryos (Fig. 4C–D). To assess
the potential interaction between lbx2 and the nc-Wnt signals wnt5
and wnt11, a wnt5b MO or a wnt11/slbtz216 mutant line with a wnt11
loss-of-function mutation [3] was used for analysis. We observed
the typical CE movement defects in wnt5bmorphants during the gas-
trulation stage (Fig. 4F), andmyoD expression in hypaxial muscle pre-
cursors was absent in 67% of the wnt5bmorphants at 48 hpf (Fig. 4K).
However, myoD expression in the hypaxial muscle precursor was not
affected in homozygous slbtz216 embryos at 48 hpf (Fig. 4L). This
implies that the anterior paraxial mesoderm might not be related to
pectoral ﬁn bud myogenesis. To elucidate the genetic hierarchy
between wnt5b and lbx2, we manipulated wnt5b activity in lbx2mor-
phants by co-injection with wnt5b mRNA. In this way, wnt5b mRNAeffectively suppressed the defects in CE movement during gastrula-
tion (Fig. 4H) and myoD expression in hypaxial muscle precursors in
lbx2 morphants at 48 hpf (Fig. 4M). However, co-injection with lbx2
mRNA and wnt5b MO failed to effectively rescue the CE and hypaxial
myogenesis defects in wnt5b morphants (Fig. 4I, N).
3.4. Involvement of RhoA activity in lbx2 signaling on CE movements and
migration of hypaxial muscle precursors
As the existing of the redundant nc-Wnt signaling ligands in
zebraﬁsh embryos, some downstream common signal molecules were
initially selected for nc-Wnt signaling studies. A truncated form of zeb-
raﬁsh Dvl3, which lacks the DEP domain, was used as a dominant-
negative form of Dvl3 to inhibit the activities of the nc-Wnt pathways
during zebraﬁsh gastrulation in this study [19,28]. As previously de-
scribed [19,28], the manual administration of Dvl3ΔDEP embryos also
caused obvious defects in CE movements (data not shown). Because
RhoA was a well-known key downstream effecter of nc-Wnt signaling,
we explored the relationship between lbx2 activity and the activation
of RhoA. Our pulldown experiment showed a decreased level of active
RhoA in lbx2morphants (Fig. 5A, lane 2). The assays also revealed that
downregulated RhoA activation in lbx2 morphants could be restored
when the lbx2 MO was co-injected with constitutively active Dvl
(Dvl3ΔN) (Fig. 5A, lane 6). However, the impaired activation of RhoA
caused by Dvl3ΔDEPmRNA in the embryos could not be effectively re-
stored by co-injection with lbx2mRNA (Fig. 5A, lane 7).
We then extended our study to the correlation between the
functions of RhoA and lbx2 during zebraﬁsh gastrulation. The amount
of RhoA mRNA used was optimized during our pilot experiments to
produce no defect of its own in the injected embryos (data not
shown). The co-injection of human RhoA (16.75 pg mRNA) in zebra-
ﬁsh embryos rescued lbx2 MO1-induced CE defects (Fig. 5D, Supple-
mentary Table 3). Moreover, ectopic expression of RhoA in embryos
partially rescued the defects in the hypaxial muscle of the pectoral
Fig. 3. Effects of lbx2 mRNA on CE movement(A–E): Schematic diagram of cell transplantation assay shows lateral mesodermal cells from both the rhodamine-labeled control em-
bryos and FITC-labeled lbx2 mRNA embryos transplanted to the same parts of recipient embryos (A). The positions of the transplanted lateral mesendodermal cells were recorded
immediately at 6 hpf (B) and at 12 hpf (C, D). The double lines in (D) show the distance between the control cells and lbx2 mRNA-injected cells. (E): The graph shows the average
data from 25 embryos for each treatment group in (D, H) (n>1500, pb0.05). These data are representative of four separate experiments. (F–H): Schematic diagram of cell trans-
plantation shows prechordal mesendodermal cells from both rhodamine-labeled control embryos and FITC-labeled lbx2mRNA embryos transplanted to the same part of recipient
embryos (F). Asterisk (*) represents signiﬁcant difference compared with WT batches (pb0.05). Each experiment was repeated four times. Lateral views of transplanted cells were
taken immediately at 6 hpf (G) and at 12 hpf (H). The dosage for the mRNA injection was 55 pg/embryo. (B, C, G, H): Lateral view with the dorsal side on the right. (D): Dorsal view
with the anterior to the top.
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demonstrated above that RhoAmRNA can rescue dorsal translocation
of lateral cells in a Kaede photoconversion (Fig. 2A5).
To investigate the possible roles of nc-Wnt signaling in hypaxial
muscle development, embryos were injected with Dvl3ΔDEP mRNA.
The absence of myoD expression in developing pectoral ﬁn buds at
48 hpf was observed in 72% of the injected embryos (Fig. 5H). We
then co-injected lbx2 MO1 and Dvl3ΔN mRNA into embryos. As
assessed through the pattern of prechordal plate elongation and ﬁn
bud myoD, an effective rescue was observed in lbx2 morphants at the
gastrula stage and at 48 hpf (Fig. 5I). However, co-injection with lbx2
mRNA and Dvl3ΔDEP failed to restore healthy hypaxial muscle devel-
opment (Fig. 5J). These observations again suggest that lbx2 acts up-
stream of the nc-Wnt pathway and mediates CE movements and the
migration of hypaxial muscle precursors in developing pectoral ﬁns.
To further evaluate the speciﬁc effects of lbx2 and the hypothesis
that Dvl/RhoA-mediated signaling was indeed involved in hypaxial
muscle development, we injected Y-27632, an antagonist of Rho-
associated kinase, into zebraﬁsh embryos at a pre-optimized dosage,
as previously described [26]. The embryos injected with Y-27632
(0.5 mM, 110 pg) showed similar phenotypes to those of lbx2
morphants, as assessed using patterns of myoD expression observed
during the bud (Fig. 5M) and 48 hpf stages (Fig. 5O). These results
also suggest that RhoA is involved in the signaling pathway regulating
both CE movements and hypaxial muscle precursor migration.4. Discussion
4.1. Dynamic expression of lbx2 and its effects on zebraﬁsh gastrulation
Based on the expression patterns and functions previously
described, lbx2 is consistent with the evolutionary roles of lbx1s in
zebraﬁsh, mammals and Xenopus [9,11,12]. However, it also exhibits
some unique expression features. Unlike lbx1s, lbx2 is initially
expressed in the early mesendoderm shortly after the midblastula
transition. It is then expressed in the adjacent dorsal–lateral meso-
derm along the posterior dorsal axis, with progressively decreasing
levels toward the ventral side on the germ ring. The spatial and tem-
poral expression proﬁles of lbx2 provide the ﬁrst hint of its regulative
functions in lateral mesodermal cells during gastrulation, which adds
to the known function of lbx2 in the migration or epithelio-
mesenchymal transition of dermomyotomal cells during hypaxial
myogenesis at later stages.
4.2. lbx2 discriminates between noncanonical Wnt ligands: signaling
transduction through wnt5b rather than wnt11
Although the functions of some nc-Wnt pathways are redundant
to some degree, there are also unique expression domains and func-
tions of the pathways [27]. The expression domains of lbx2 partially
overlap with those of wnt5b, a key ligand molecule involved in
Fig. 4. Wnt5b as a downstream signal of lbx2(A–C): Wnt5b expression in the tailbud stage embryo injected with control MO (A), lbx2 MO1 (B), and lbx2 mRNA (C). (D): Relative
expression of wnt5b as assessed by RT-PCR at tailbud stage. The expression levels were normalized to that of a housekeeping gene encoding β-actin. There were total three separate
experiments and each took three parallel repeats. Asterisk (*) represents signiﬁcant differences compared withWT batches (pb0.05). (E–I): Dlx3b/hgg1/ntl expression in an 8 somite
stage embryo injected with control MO (E), wnt5b MO (F), wnt5b mRNA (G), lbx2 MO plus wnt5b mRNA (H), and wnt5b MO plus lbx2 mRNA (I). (J–N): MyoD expression at 48 hpf
in the paraxial mesoderm of a control MO-injected embryo (J), wnt5bMO-injected embryo (K), slb−/− homozygous embryo (L), lbx2MO1 plus wnt5bmRNA-injected embryo (M),
and wnt5b MO plus lbx2 mRNA-injected embryo (N). (O) Statistics shown as percentages for (E–N). Bars with different letters indicate signiﬁcant differences (pb0.01), compared
with corresponding controls. The dosages for embryo injections were 2.75 ng/embryo for control MO, lbx2 MO1, or wnt5b MO, 35 pg/embryo for wnt5b mRNA, and 55 pg/embryo
for lbx2 mRNA. (A–C, J–N, insets in E–I): Dorsal view with the animal pole on the top. (E–I): Animal pole view with the anterior to the top.
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found to be greatly reduced by lbx2 MOs, whereas in embryos
injected with lbx2 mRNA, the concentration of wnt5b increased only
moderately (Fig. 4C, D). However, no such correlation between the
activity of lbx2 and wnt11 expression has been observed at the
gastrula stage (Supplementary Fig. 3). A loss ofwnt5b function caused
defects in both CE as well as the development of hypaxial myoblasts
(Fig. 4F, K). Co-injection of wnt5b with lbx2 MO effectively restored
the expression of myoD in pectoral ﬁn buds in lbx2 morphants
(Fig. 4M). In contrast, the loss ofwnt11 function did not cause any de-
fects in the pectoral ﬁn buds of lbx2 morphants (Fig. 4L).
Our results provide evidence that lbx2 can mediate ventral lateral
cell movement dorsalward via the positive regulation ofwnt5b signal-
ing. Gain of function experiments that were performed using wnt5b
or lbx2 mRNA produced similar CE movement defects (data not
shown). Upregulation of wnt5b activity caused narrow somites,
referred to as a “ventralized phenotype” in previous reports [29].
Another previous study showed that the wnt11 gain of function in
wild-type embryos had either little or no obvious effects on CE move-
ment [3]. Taken together, our data demonstrate that lbx2 regulates
wnt5b rather than wnt11.
4.3. The function of lbx2 in CE movement during zebraﬁsh gastrulation
The basic vertebrate body plan is established during gastrulation
through a set of highly conserved morphogenetic movements. Such
morphogenetic processes of gastrulation shape the embryo and the
inductive tissue interactions, which also specify cell fates. Previously,
in addition to hypaxial muscle development, lbx1 seemed to berequired during late somitogenesis for the speciﬁcation of certain
subpopulations of neural and neural crest cells [12,30]. Here, we
demonstrated that zebraﬁsh lbx2 knockdown leads to reducedmobility
of lateral mesodermal cells to converge towards the dorsal side and to
extend as the cells close the dorsal region of the embryo during
gastrulation. The expression pattern of bmp4, a gene speciﬁc to ventral
cells, appeared normal during early gastrulation in lbx2 morphants
(Fig. 1M). This appearance demonstrates against early dorsalization de-
fects in lbx2 morphants. Our data also demonstrated that mesodermal
cells that overexpress lbx2 could autonomously migrate faster than
those from control embryos (Fig. 3). This migration suggests that the
widening of the somites and shortening of the anterior–posterior axis
in lbx2 morphants were the result of slow CE movements (Figs. 1
and 2). Our observations indicate that cellular movements, rather
than ventral–dorsal determination, were affected by lbx2 depletion.
During vertebrate development, signaling initiated byWnt-family li-
gands triggers a wide array of changes in cell behavior and morphoge-
netic events. These contribute to the speciﬁcity, position, and shape of
a variety of organs, tissues, and other structures [3,28]. In our present
study, we demonstrated that impaired nc-Wnt, achieved through the
use of wnt5b MO, Dvl3ΔDEP mRNA or RhoA inhibitor, resulted not
only in defects in CE movement but also in hypaxial muscle abnormali-
ties (Figs. 4 and 5). Furthermore, a series of successful rescue
experiments of depletion of lbx2 were achieved by the activation of nc-
Wnt signaling via the co-injection of wnt5b mRNA, dvl3ΔN mRNA or
RhoA mRNA with lbx2 MOs (Figs. 4 and 5). These observations
further support the conclusion that the critical function of lbx2 in the
hypaxial muscle developmental process takes place via an nc-Wnt path-
way. Given the poor efﬁcacy of functional rescue for both the defective
Fig. 5. RhoA activation and developmental defects observed in lbx2morphants(A): Active RhoA pull-down assay. Activated RhoA levels are shown in the top panel. Bar charts rep-
resent relative integrated optical density values of the respective blots. Asterisk (*) represents signiﬁcant differences compared with con MO-injected lane (pb0.01). Each exper-
iment was repeated at least twice with similar results. The bars were arrayed in the same order as that of the gel lanes. (B–D): Papc expression at 90% epiboly stage in an embryo
injected with control MO (B), lbx2MO1 (C), and lbx2MO1 plus human RhoAmRNA (D). Arrows indicate midline extension. (E): Graph shows statistical data regarding the presence
of defective papc expression in (B–D) or myoD expression in the pectoral ﬁn bud under each set of conditions as in (F–K). Bars with different letters indicate signiﬁcant differences
(pb0.01), compared with corresponding controls. (F–K):MyoD expression in the pectoral ﬁn bud at 48 hpf in an embryo injected with control MO (C), lbx2MO (G), dvlΔDEPmRNA
(H), lbx2 MO plus dvlΔN mRNA (I), lbx2 mRNA plus dvlΔDEP (J), and lbx2 MO1 plus human RhoA mRNA (K). (L–M): MyoD-labeled somites at 12 hpf in an embryo injected with
control buffer (L) and Y27632 (110 pg, M). (N, O):MyoD expression in the pectoral ﬁn bud at 48 hpf in an embryo injected with buffer alone (N), Y27632 (110 pg, O). (P) Statistics
shown as percentages for the analysis in A–D. Bars with different letters indicate signiﬁcant differences, pb0.05, compared with corresponding controls. The dosages used for em-
bryo injections were 2.75 ng/embryo for control MO or lbx2 MO1, 150 pg/embryo for dvlΔN mRNA, dvlΔDEP mRNA or lbx2 mRNA, and 16.75 pg/embryo for human RhoA mRNA.
Arrows in (F–K, N–O) indicate the pectoral ﬁn bud. (B–D, F–O): Dorsal view with the anterior to the top.
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MOorDvl3ΔDEPwith lbx2mRNA, our data suggested that lbx2 acts as an
upstream signal for thewnt5b pathway.Moreover, in addition to thema-
nipulations with MOs and/or mRNA applications, similar defects in CE
movements and hypaxialmyogenesiswere also observed via the admin-
istration of Y27632 (Fig. 5). This observation has provided additional
support indicating that Dvl/RhoA activity is indeed involved in the
migration of hypaxial muscle progenitors. Containing a functioning
engrailed domain, lbx2 is normally considered as a transcriptional re-
pressor. However, our current results provided evidence indicating the
requirement of lbx2 for sustenance ofwnt5b expression during embryo-
genesis. Thus far, we cannot determine the exact molecular mechanism
by which lbx2 is involved in the regulation ofwnt5b signaling. However,
it is relatively certain that one critical function of lbx2 is the involvement
in the nc-Wnt pathway during zebraﬁsh gastrulation.
During early segmentation, the number of prospective adaxial
cells can be affected by CE movement [5]. The migration of fewer
hypaxial myoblasts to the pectoral ﬁn bud region could be a direct
or indirect consequence of impaired CE movements. Snail1 is a lateral
mesoderm marker during early gastrulation [31]. By 24 hpf, snail1 is
expressed in various cells in the mandibular arch, hyoid arch, ﬁrst
and second gill segments [32]. Our results revealed that the
populations of snail1-positive cells lateral to somites were reduced
at 24 hpf in lbx2 morphants (Supplementary Fig. 3E–F).5. Conclusions
In summary, we have presented evidence that lbx2, in addition to
its well-known roles in hypaxial myogenesis and somite formation,participates in the morphogenesis of the mesodermal germ layer
during gastrulation via the nc-Wnt signaling pathway. Such functions
precisely reﬂected the expression pattern of lbx2 during gastrulation.
Our study also supports a role for RhoA in the regulation of lbx2-
mediated cell mobility.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbamcr.2012.02.013.
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